for 10 min at 65°C and centrifuged at 2500 g for 5 min at 4°C (Manzanares-Dauleux Prior to nucleic acid extraction for genome sequencing, the purified resting 1 4 5 spores were ground in liquid nitrogen using a mortar and a pestle. DNA was purified 1 4 6 using the NucleoSpin Plant II Kit (Masherey-Nagel) following the manufacturer's 1 4 7
instructions. The DNA quality was verified on an agarose gel and the quantity was contamination was tested by PCR using Brassica specific cruciferin primers (forward 1 5 0 primer 5'-ggccagggtttccgtgat-3' and reverse primer 5'-ccgtcgttgtagaaccattgg-3'). Total RNA was also obtained from purified, non-germinating, resting spores Blastp by quering the NCBI databases. A GenBank file was created containing detailed DNA sequence information 2 1 1 and used to run Pathway Tools version 21 (Karp et al., 2011) . This allowed a 2 1 2 Pathway Genome DataBase (PGDB) to be created for P. brassicae: ClubrootCyc. Pathways were predicted with MetaCyc database version 20.5 (Caspi et al., 2016) . The eH P. brassicae genome sequence has been deposited in the public 2 2 0 domain in GenBank Data Librairies under accessions SRR6395507, SRR6395506 2 2 1 and SRR6395505 for raw data sequences, and POCA00000000 for the genomic 2 2 2 data. The Pathway Genome DataBase ClubrootCyc is available online at 2 2 3 https://pathway-tools.toulouse.inra.fr/CLUBROOT 2 2 4 2 2 5 For a better understanding of the pathogenesis and metabolic potential of P. 2 3 0 brassicae, we generated a de novo assembled genome of the eH isolate (belonging 2 3 1 to pathotype 1 according to Somé et al., 1996) . A paired-end shotgun library 2 3 2 consisting of 73,082,688 reads (read length of 101 bp and insert size of 430 bp) and scaffolds with a N50 of 741,293 bp and the total sequence length was 24,559,637 bp 2 4 0 with a 59.29% GC content. Basic information about the assembled genome and 2 4 1 predicted genes is shown in Table 1 . The main features of the eH genome were nine on average. This gene density is relatively high as previously described 2 5 0 (Schwelm et al., 2015; Rolfe et al., 2016) , and contributes to the small genome size Gene similarity between the eH and e3 isolates was studied by comparing the 2 5 5 gene sequences of both genomes. Using a stringent query span of 80% (meaning 2 5 6 that the percentage of alignment coverage of the query sequence should be at least 2 5 7 80%, making sure that we compared genes with common regions), 60% of the genes 2 5 8 found in the eH genome showed similarity with the e3 genes. Among the 6,654 2 5 9 alignments displaying the query span of 80%, 4,702 were with 100% gene identity 2 6 0 and only 52 were with <60% gene identity (value often used to define genes as highly The scaffolds #44 to #242 (corresponding to 5% of the total genome) and in 2 6 5 particular scaffolds #88 to #242 were more difficult to assemble ( Figure S1 ) and thus 2 6 6 few genes were annotated in these regions. Scaffold #43 had a lower GC content and corresponded to the mitochondrial 2 6 8 sequence (see 3.3.). The RNAseq of resting spores, used for annotation, resulted in 23,540,954 2 7 3 reads. The genome annotation was improved compared to the e3 reference genome by interrogating several external databases as described in the materials and involved in lipid metabolism were found in the eH genome (Table S3B ). From the 118 3 0 6 genes identified by Feng et al. (2013) in the Led09 isolate's genome, 23 matched the 3 0 7 eH genome (Table S3C ). Genes identified as being involved in pathogenicity (i.e. mapped to the eH genome. To complete the annotation, out of the 9,732 genes in the 3 1 0 e3 genome, 6,626 were matched to the eH genome (Table S3A ). By exploiting this 3 1 1 nucleotide variability, additional genome sequencing of P. brassicae isolate may 3 1 2 allow more precise diagnostic molecular tools than the current pathotyping systems 3 1 3 to be developed. These annotations were added to the corresponding eH genes using python 3 1 5 scripts querying the Uniprot database. Using this updated annotation, the genes were 3 1 6 classified into subsystems whose main terms are described in Figure 2 . Most of the 3 1 7 annotated genes were classed in the protein-binding (1,433) GO term category. This were identified. This protein family could play a role in P. brassicae pathogenicity, as and 259) was found to be the major protein domain. The ankyrin repeat is the most 3 2 5 common protein-protein interaction motif in nature. It is predominantly found in 3 2 6 eukaryotic proteins, but also in many bacterial pathogens which employ various types To summarize the long list of GO terms by removing redundancy, a semantic brassicae infection processes. Another GO term found frequently in the P. brassicae 3 4 7 genome annotation was related to lipid metabolism. This is consistent with Bi et al. brassicae and showed that lipid conversion is high in this protist during cortex In the circular genome representation (Figure 1) , scaffold #43 showed a low Unpublished, NCBI ID: AF537102). In addition, as a high AT content was found in correspond to the P. brassicae mitochondrial genome. To ensure that no errors 3 6 0 occurred in its assembly, a new assembly of this scaffold #43 was performed using 3 6 1 software specifically designed for organelle assembly (NOVOPlasty). Both 3 6 2 assemblies were similar suggesting consistent results. The newly assembled sequence of eH scaffold #43 is 102,962 bp, with a mitochondrial P. brassicae sequence (102,962 bp) is larger than that of S. Interestingly, despite the significant difference in total size, the P. brassicae analyses of the P. brassicae mitochondrial genes were displayed for the "protein 3 8 0 sequences" (32 protein-coding genes (Table S4) ) and for the "complete gene 3 8 1 sequences" (the 28 other types of genes (Table S5 )), 60 genes were found among 3 8 2 which 56 were also found among the 59 described in S. subterranea (Gutiérrez et al., phosphorylation (17 genes: atp 1-7, 4L, 9, cob, cox 1-3, atp 1, 6, 8, 9), and for 3 8 5 ribosomal subunit proteins (10 for small subunit: rps3, 4, 7, 8, 10, 11, 12, 13, 14, 19 3 8 6 and 4 for large subunit: rpl 5, 6, 14, 16) were identified. As in S. subterranea, 24 3 8 7 genes coding for tRNA were found in the P. brassicae, but trnH described in S. (and not in S. subterranea). Interestingly, the protein-coding genes in P. brassicae 3 9 0 displayed a mosaic structure with small parts spread across the scaffold, as To validate the relevance and functionality of the ClubrootCyc database, the 4 1 0 metabolic reconstruction was tested with available published transcriptomics data Figure S5 , showed that the major pathway was involved in fatty acid and lipid The development of this P. brassicae -specific database is thus a useful tool 4 1 7 for integrating transcriptomics data, gene and metabolic networks and to gain further Moreover, ClubrootCyc also allowed us to access new pathways and to 4 2 1 complete annotation data. For instance, a complete pathway for the spermidine 4 2 2 biosynthesis was predicted in eH P. brassicae ( Figure S6) . Particularly, the three glutamate to ornithine, were present in the eH genome although they were not found 4 2 5 in the genomes described by Rolfe et al. (2016) or by Schwelm et al. (2015) . Ornithine is converted into putrescine, a precursor of the polyamine spermidine. The 1999; Urano et al., 2003; Kuznetsov et al., 2006) and biotic stresses (Walters, 2003) . spermine also increased after infection with P. brassicae (Hamana et al., 2015) . The and protists (Rhee et al., 2007) .
Results and discussion

Metabolic pathway prediction
The chorismate/Shikimate pathway, which was predicted by Schwelm et al. (2015) but lacking the chorismate mutase (EC 5.4.99.5) , was found to be complete in 4 4 8 the eH P. brassicae genome suggesting that this pathway is operational in P. brassicae. This pathway is known in plants, bacteria, fungi, and apicomplexan 4 5 0 parasites and is central for the biosynthesis of carbocyclic aromatic compounds. Chorismate is the common branchpoint for the production of these metabolites, and 4 5 2 some intermediates in these pathways also have important physiological relevance.
5 3
For example, salicylate, which is derived from chorismate, is involved in plant 4 5 4 defense against P. brassicae (Lemarié et al., 2015) . Anthranilate, another derivative in this study in the eH genome, was described as being involved in gall formation in Metabolic pathway prediction in P. brassicae is still, however, incomplete and 4 6 9 poorly annotated because there is still not enough information in the reference 4 7 0 databases. To make further progress in metabolic network reconstruction and 4 7 1 modelling, appropriate gap-filling methods are required. For this, software is being 4 7 2 developed to identify and add lacking pathways, such as Meneco, a tool dedicated to In this study, we investigated the mitochondrial sequence of P. brassicae, 4 7 9
which can now be used for phylogenetic analyses in the supergroup Rhizaria. We 
